The reproduction of vertebrates is regulated by endocrine and neuro-endocrine signaling molecules acting along the brainpituitary-gonad (BPG) axis. The understanding of the neuroendocrine role played in reproductive function has been recently revolutionized since the KiSS1/GPR54 (KiSS1r) system was discovered in 2003 in human and mice. Kisspeptins, neuropeptides that are encoded by the KiSS genes, have been recognized as essential in the regulation of the gonadotropic axis. They have been shown to play key roles in puberty onset and reproduction by regulating the gonadotropin secretion in mammals while physiological roles in vertebrates are still poorly known. In order to provide new knowledge on basic reproductive physiology in fish as well as new tools to assess impacts of endocrine disrupting compounds (EDCs), the neurotransmitter system, i.e., gene/receptor, KISS/GPR54 might constitute an appropriate biomarker. This study provides new understandings on the neuroendocrine regulation of roach reproduction as well as new molecular tools to be used as biomarkers of endocrine disruption. This work completes the set of biomarkers already validated in this species.
Introduction
Reproduction in fish such as in other vertebrates is under the regulation of a complex system involving different endocrine and neuroendocrine signaling substances along the hypothalamic pituitary gonadal axis (HPG axis). In most teleost species, dopamine has been reported to negatively regulate the gonadotropin secretion via D2-type receptors (Dufour et al. 2010; Vacher et al. 2000) counteracting the stimulatory effect of GnRH on gonadotropin secretion. The agonist signal pathways via norepinephrine and seretonin secretion could stimulate luteinizing hormone (LH) release directly or via the GnRH axis (Dufour et al. 2005 (Dufour et al. , 2010 . Regarding the neuroendocrine regulation of reproduction in vertebrates, several neurotransmitters are involved in the modulation of GnRH synthesis, including neuropeptide Y (NPY), gamma-aminobutyric acid (GABA), and kisspeptins (Zohar et al. 2010; Popesku et al. 2008) . The KISS/GPR54 (G-coupled protein receptor 54) system encoding for kisspeptins and their receptors (GPR54 or KISS-R) has recently been discovered and has revolutionized the understanding of regulation of reproduction and puberty onset in vertebrates (De Roux et al. 2003; Seminara et al. 2003) . The first study on this system demonstrated that the inactivation of GPR54 was shown to be responsible for idiopathic hypogonadotrophic hypogonadism associated with reduced circulating LH levels (De Roux et al. 2003) . Since then, the identification of this new neuroendocrine regulatory system has triggered an important research effort to understand the role and mechanism of action (MOA) of kisspeptins and their receptors. Kisspeptin is a neuropeptide, from the RFamide peptide family, that share an Arg-Phe-NH2 motif at their C-terminal extremities and has been first discovered as metastasis suppressor gene (Pasquier et al. 2014; Ohtaki et al. 2001) . During the last decade, an increasing number of studies have been conducted to elucidate the physiological role and mechanisms of actions of kisspeptins in the regulation of vertebrate reproductive function (de Roux et al. 2003; Arai 2009 ). In the mammalian brain, there are species-specific distribution pattern of kisspeptin neurons, but only one ligand Kiss 1 has been identified in the mammalian brain (Smith et al. 2007 ). The non-mammalian vertebrate species possess multiple kisspeptin receptor types, fish express usually two receptors (KissR1 and KissR2), whereas Xenopus have three receptor types (GPR54-1a, GPR54-1b, GPR54-2) (Lee et al. 2009 ). These findings highlight the need to investigate the roles of multiple kisspeptin-kiss-R-systems, especially understanding their tissue distribution and their involvement in the control of reproduction in non-mammalian species. In mammals, kisspeptin system is considered to be the gatekeeper of puberty and reproduction (Tena-Sempere 2006) . Characterization and role in lower trophic levels are not fully understood yet and little is known regarding kisspeptin gene regulation in fish. Two distinct kiss genes (kiss1 and kiss2) have been identified in different fish species encoding for two relatively well-conserved kisspeptins (Kitahashi et al. 2009; Felip et al. 2009; Li et al. 2009 ). It has been suggested that KISS/GPR54 system could be the mediators between environmental cues and metabolic signals to the reproductive axis and involve in the modulation of gonadotropin secretion (Akazome et al. 2010) . Two gonadotropin hormones, the follicle-stimulating hormone (FSH) and luteinizing hormone (LH) are synthetized in the brain of vertebrates and are responsible in the gonadal development and maturation. FSH and LH regulate the sex steroid production in the gonads, which can in return regulate the upper part of the hypothalamo-pituitary axis, via negative or positive feedbacks (Schulz and Goos 1999) . The main sex steroids, 17-β-estradiol and testosterone have been reported to regulate the kisspeptin genes in the brain of fish (Kanda et al. 2008 (Kanda et al. , 2012 .
Among the 400 million tons of chemicals produced annually, some of them are defined as endocrine disrupting chemicals (EDCs) and are known to interact with the endocrine systems of wildlife and humans, causing deleterious effects on development, reproduction, physiological homeostasis, and health of vertebrates (Colborn et al. 1993) . Several model species have been used to investigate the impact of EDCs in wildlife, with fish having being intensively used as vertebrate aquatic model. Among the freshwater species, the roach, Rutilus rutilus, has been validated as a sensitive model organism to assess the impact of xenobiotics (Jobling et al. 2002; Tyler et al. 2007; Geraudie et al. 2010a Geraudie et al. , 2011 Geraudie et al. , 2017 . Endocrine disrupting effects such as alterations of hormone levels and signal molecules acting along the brain-pituitary-gonad axis of roach have been reported.
For example, roach sampled in contaminated areas showed evidence of abnormal sex steroid levels and brain aromatase activities, induction of vitellogenin, as well as a feminization of the population, i.e. male-skewed sex-ratio (Geraudie et al. 2010a (Geraudie et al. , 2011 (Geraudie et al. , 2017 Gerbron et al. 2014) . By modulating the gonadotropin secretion, the KISS1/GPR54 system seems to play a key role in the regulation of reproduction (Tena-Sempere, 2006 ) and could be an essential actor involved in sex differentiation. Transcripts encoding for KiSS1 and its receptor, GPR54, have been isolated from a number of fish species including zebrafish (Danio rerio; Van Aerle et al. 2008) , medaka (Oryzias latipes, Kanda et al. 2008) , and goldfish (Kanda et al. 2012) . It has been shown that, in fish, two distinct genes, kiss1 and kiss2, encode for different kisspeptins unlike in placental mammals where only the kiss2 has been reported (Kitahashi et al. 2009 ).
In regard to the potential alterations of the endocrine system by EDCs, the KISS/GPR54 system could constitute a potential new relevant target and thus an excellent biomarker of neuroendocrine disruption in fish. Moreover this work, by characterizing for the first time key neuropeptide system in cyprinid fish, will constitute the basis to understand the basic fundamental role of neuropeptide in the early signaling and control of reproduction in fish as well as in the vertebrate kingdom. Interestingly, only one form of the KISS genes known in vertebrates, the KISS 2, has been sequenced in roach brain tissues.
Material and methods

Fish collection
Adult wild roach were collected by fishnets in September 2006 from a reference site located in the northern part of France, Venables (49.199371, 1.29548) . The fish were both male and female adult roach with total length about 18 cm and total weight about 50 g. The sampling site is an old sand quarry with low levels of contamination, as mutagenicity of sediment extracts measured with SOS chromotest (Cachot et al. 2006) were below the detection limit). Venables has been used and validated as reference site in previous studies where no sign of endocrine disruption in roach has been found (absence of intersex fish, mean male plasma VTG concentration lower than 20 ng/ml in over 500 fish; Geraudie et al. 2010a, b; Gerbron et al. 2014) . Fish brain were dissected in situ in order to reduce the stress response due to transportation to the laboratory. Biological parameters were measured and then brain were collected and preserved in RNA later TM (Ambion). Total RNA was extracted from the brain using SV total RNA isolation kit (Promega) following the manufacturer's instructions. This kit includes a DNAse treatment step to remove contaminating genomic DNA. Ribonucleic acid (RNA) concentrations and purity were measured at 260 and 280 nm using a NanoDrop®. cDNAinw was synthesized from 1 μg total RNA using cDNA synthesis with SuperScript® III First-Strand Synthesis System for RT-PCR kit (Invitrogen). Briefly, 1 μg total RNA was incubated for 5 min at 65°C with 1 μL of random hexamers (50 ng/μL), 1 μL of dNTP mix (10 mM), and RNAse-free water in a volume of 10 μL. Then, cDNA was synthesized in a 20-μL volume: 10 μL of the previous RNA solution with 10 μL of reaction mixture containing 1 μL of SuperScript® III RT (200 U/mØ), 2 μL of 10× RT reaction buffer, 4 μL MgCl 2 (25 mM), 2 μL of 0.1 M DTT, and 1 μL of RNase OUT (40 U/μl). The reverse transcription was carried out for 10 min at 25°C, 50 min at 50°C, and then terminated 5 min at 85°C. Finally, 1 μL of RNase H (2 U/μL) was added to cDNAs and incubated 20 min at 37°C before being stored at − 20°C.
The degenerate primer sets used for PCR (Table 1) were designed from kiss1, kiss2, and GPR54 cDNA sequences available on the Genbank database using the iCODEHOP software:
(http://dbmi-icode-01.dbmi.pitt.edu/i-codehop-context/ iCODEHOP/view/PrimerAnalysis).
PCR was performed using AmpliTaq gold® DNA polymerase (Invitrogen) under the following conditions: 95°C/10 min, 17 cycles of 95°C/30 s, 58°C/30 s diminishing of 0.5°C every cycle, 72°C/30 s, followed by 30 cycles of 95°C/30 s, 50°C/30 s, and 72°C/30 s finished by 72°C/2 min. The amplified PCR products were cloned into pGEM®-T Easy Vector System (Promega) and transformed into competent JM109 cells (Promega). Amplicons displaying expected size were sequenced by the MilleGen® company (Labège, France) with ABI3130XL sequencer (Applied Biosystems) by using BigDye® Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, Courtaboeuf, France). The identity of the PCR products was verified by Blast analysis.
Results
Partial sequences were obtained for gpr54 and kiss2 genes but not for kiss1. Degenerate primer pair GPR54F-GPR54R allowed amplification of a fragment of 498 bp, which, after Blast analysis appeared to correspond to a part of the gpr54a transcript also called kiss1 receptor (kiss1r). The alignment from other available gpr54a sequences of other species underlined a high conservation degree within cyprinid fish, identities of 96% with fathead minnow Pimephales promelas (GenBANK accession number EF672266.1), 95% with goldfish Carassius auratus (GenBANK accession number FJ465139.1), and 92% for zebrafish Danio rerio (GenBANK accession number NM_001105679.1). The sequence homologies between these species are presented in Fig. 1 .
For the kiss2 gene, a transcript of 297 bp was isolated. The conservation degree with other cyprinid species was not as high as for the grp54a gene (Fig. 2) . The percentage of homology was of 84% for zebrafish (GenBANK access number EU853684.1) and carp Cyprinus carpio (GenBANK access number JQ715608.1) while it was of 79% with goldfish (GenBANK access number GQ141877.1).
Discussion and conclusion
This study has successfully isolated and characterized two partial transcripts (gpr54a and kiss2) implicated in the neuroendocrine regulation of KISS/GPR54 system of roach. These sequences may now be developed and validated to provide new molecular tools to assess neuroendocrine disruption in fish. This work is also contributing to the fundamental knowledge on basic reproductive physiology, with new evidence of signaling substances involved in the endocrine regulation of the hypothalamus pituitary gonad axis which is not fully understood in aquatic species. Investigations of the kisspeptin system among vertebrate genomes indicate up to three ligands of KISS and four copies of KISSR in different species. Mammalian seems to lack the kiss1 gene, while kiss2 which is expressed early in the development, plays a role in brain sex differentiation, puberty and reproduction (Oakley et al. 2009; Tena-Sempere et al. 2012; Mechaly et al. 2013) . However, the lack of characterization of the kiss1 in our study, which has been found in other teleost species, requires more investigation to elucidate the role of the different variant of kisspeptins in the neuroendocrine regulation of fish reproduction. Similarly to our findings, in a few percomorph species such as Gasterosteus aculeatus (Tena-Sempere et al. 2012) , Solea senegalensis (Mechaly et al. 2011) , and Takifugu niphobles (Shahjahan et al. 2010) , only the ligand corresponding to Kiss2 has been detected. Moreover, in some species, Kiss2 appeared more abundant in reproductive tissues than in the brain and its expression could be then strongly correlated to gonadal development during the reproductive cycle. Thus, the lack of the ligand Kiss1 in roach cerebral tissues must be interpreted with caution as kisspeptin levels in the brain region are known to vary with age, sex, and reproductive cycle as observed in other fish species (Alvarado et al. 2013; Servili et al. 2011) . Recently, the anatomical distribution of multiple kisspeptin and Kiss-R system in teleost has been described (Ogawa and Parhar 2013) and showed the high disparity of neuronal network and physiological mechanisms of actions of the reproduction in fish. Interestingly, in some teleost species, there are no sequences encoding Kiss1 and Kiss-R1 in their genome, although they possess Kiss2/Kiss-R2 system. In these species, the single ligand seems to be involved in reproductive function as well as non-reproductive ones, e.g., feeding and sexual behavior (Ogawa and Parhar 2013) . The anatomy and physiological role of kisspeptin system in teleosts remain unclear and despite the increase of studies during the last years, further investigations are needed to determine the number of kisspeptin ligands and their associated roles in the upper regulation of fish reproduction. One of the most critical question could be to investigate the specific local tissue distribution of kisspeptin system in the brain, their neural projection patterns including interactions with other neuropeptides and neurotransmitters. As the KISS 1 gene has been shown to be mostly expressed in reproductive tissues, some investigations are needed in gonads to confirm the number of ligands involved in the KISS system in roach. 
